Three geothermal microecologies, constituted of fumaroles, hydrothermal springs and the native volcanic superstratum at the Los Azufres (Mexico) volcanic complex, have been analysed for the concentrations of Cd, Hg, Pb, Th and U in the tissues and rhizospheric soils of the extremophilic plants that colonise the fumaroles, as well as in the sediments and volcanic stratum, using Polarised Energy Dispersive X-ray Fluorescence spectrometry and supplementarily, by Inductively Coupled Plasma Mass Spectrometry and Neutron Activation Analysis. The plants are found to sequester high concentrations of these heavy elements in their tissues and are more effective at their immobilization in the rhizosphere than are the hydrothermal chemistries for the sediment. Inferences are drawn regarding their roles in, in the biogeochemical recycling of these heavy elements in the Paleozoic era whose ecology these geothermal niches 'mimic', as well as their potential for phytoremediation.
Introduction
The Los Azufres volcanic complex-a part of the volcanic belt of central Mexico-is located 220 km WNW of Mexico City at an altitude of 2000-3000 m. The sites investigated in this work were Nopalitos-I (N1), Cumbres-I (C1) and Cumbres-II (C2), that are unpopulated, remote and closed to public thoroughfare, thus experiencing negligible anthropogenic impacts to their micro-ecologies. They contain the archetypal fumaroles, hydrothermal springs and hot mudpools as well as bare volcanic tuff that forms the superstratum of the caldera. A detailed description of the geological features of these geothermal sites along with maps and representative photographs have already been provided in [1, 2] . The fumarolic gases are highly enriched in steam, CO 2 and H 2 S, while the hydrothermal springs, depending on location, can have temperatures approaching the boiling point and are either highly acidic or highly alkaline. The Los Azufres zone receives an annual precipitation that is 14 times higher than the global average and its oxygen level is 74% of the value at sea-level. The physico-chemical characteristics of the atmospheres and waters of the fumaroles and hydrothermal springs investigated in this work are presented in Table 1 . It shows that the micro-climate of the fumaroles is warm and wet and the atmosphere around them rich in steam and gases other than oxygen, whilst the chemical composition of the hydrothermal waters is highly reactive. This extreme geothermal microecology is home to some unique organisms that are collectively termed as extremophiles.
Deep within the fumaroles and hot-springs only microorganisms of the domain Archaea can survive while in their immediate vicinity one may find primitive plants of the phylum bryophyte (e.g. mosses) and the pteridophytes (fern and fern allies) that are either native or adapted, to such harsh conditions. The first plants to colonise land were the bryophytes about 485.4 to 443.4 million years ago in the Ordovician period whilst the first vascular plants (the ferns and fern allies) came later about 360 million years ago, in the Devonian [4, 5] . The climate was warm and wet (Ordovician) or dry (Devonian) and the atmosphere low in oxygen but rich in CO 2 and sulphurous gases, while an extensive series of overland and under-sea volcanoes dotted the planet [6] . The microecology of the fumaroles of N1, C1 and C2 showed the colonization of the fumarolic mouths by at least 11 species of mosses while the external rims of the furmaroles were populated by mostly the ferns (5 distinct species were counted) [1] . Taken in sum, the biophysicochemical characteristics of the micro-ecologies of the fumaroles and hydrothermal springs investigated in this work, closely resemble the environment of the aforesaid periods in the Paleozoic era. Thus geothermal niches such as these, may serve as a 'natural laboratory' to study environmental questions of that distant past.
Substantial study exists on the geology and geophysics of the Los Azufres caldera (see for e.g. [7] ). However, scant literature exists on the biogeohemistry of the extremophilic organisms that thrive in its geothermal and hydrothermal habitats. Indeed this is true for most fumarolic environments, where the focus of biologists has principally been the documentation of the biodiversity and phylogeny of the organisms in such microecologies [8] [9] [10] [11] . Our project [12] , of which the current work represents a sub-set, followed the quantitative distribution of 51 elements covering the 3rd to the 7th periods of the periodic table, in the roots (PR), shoots (PS) or whole plant (P) and the rhizospheric soil (RS) of the extremophilic ferns and mosses, as well as in the sediments (S) and water of the hydrothermal springs, and the volcanic stratum (VS) close to the fumaroles. The aim was to investigate the role of these plants in biogeochemical element recycling (especially vis à vis the paleo-environment) and in pedogenesis, and to investigate their phytoremediative potential. (Phytoremediation is a biotechnology that uses high pollutant absorbing or fixating plants to clean the environment [13] ). The operating hypothesis was that the exposure of these plants to the rich chemical content of the geothermal environment is likely to induce an unusual ability to sequester heavy elements in their tissues and/or their rhizosphere. This work concerns the results for Cd, Hg, Pb, Th, and U, the five heaviest and amongst the most toxic of elements. Table 1 Geo-physicochemical properties of the ambients of the fumaroles and the exposed volcanic stratum (VS) as well as the hot-springs of the sites of N1, C1 and C2 as measured by us (see [1] for details) RH relative humidity, GV geothermal vapour, NCG non-condensible gases. The GV and NSG values serve as a representative example (well AZ-05 of [3] )
Fumaroles and VS
Air temperature inside fumarole mouth: ~ 45 °C (at N1), > 45 °C (at C1 and C2) Air temperature outside fumarole mouth: 19 °C (at N1, C1, C2) Air temperature away from fumaroles near exposed VS: 22 °C (at N1) RH (%) inside fumarole mouth: 69 (at N1), 20 (at C1 and C2) RH(%) outside, near the exposed VS: 20 (at N1) Light intensity (kLux): 
Experimental
The nuclear analytical technique of Polarized Energy Dispersive X-ray Fluorescence (PEDXRF) spectrometry [14] is optimally suited for the multi element analysis entailed in this work because it can analyse elements from Na to U in a single run, thus permitting high sample throughput and the associated economy of analysis time and instrument preparation. The primary X-ray beam is polarized by double orthogonal reflection and the fluoresced photons are collected in the detector placed at an axis orthogonal to the exciting beam. This 3D optics effectively 'cancels out' the Bremmstrahlung background of the primary beam thereby substantially improving the instrument´s sensitivity. It has a large dynamic range [concentrations of the level of percents to parts per million (ppm)] and it is non-destructive requiring only simple sample preparation. Solid or liquid samples may be analyzed, the only requirement for the former in powder form, being that the particle size should be within 100 μm. The bulk of the elemental analysis for our project was performed by the SPECTRO XEPOS III (Spectro Analytics GmbH/Ametek Inc., Kleve, Germany) PEDXRF spectrometer at the University of Michoacan (Morelia, Mexico) while a few elements (in the RS, S and VS samples) were also analysed by Instrumental Neutron Activation Analysis (INAA) at the University of Texas (Austin, USA). The results for U have been described in [1] . Quantitative analysis using the SPECTRO XEPOS III was performed by the standardless Fundamental Parameter method using the software TURBOQUANT ® . This allowed the calculation of elemental concentrations using built-in theoretical libraries for each matrix type (pellet, powder or liquid) that allowed taking the matrix effects into account. The PEDXRF method used in this work was validated for soil/ceramic samples [15] by analysing a series of Standard Reference Materials (SRMs) obtained from the US National Institute of Standards and Technology (NIST) and SPECTRO Analytical Instruments GmbH (Kleve, Germany). The validation results for 4 of the 5 elements of the current work can be found in [1, 2] . For Cd, the measured value (4.1 ± 2.5) mg/kg showed an index of accuracy of 95.4% and a precision of 37.9% (see [15] for the definition of terms).
The Inductively Coupled Plasma Mass Spectrometer (ICPMS) at the Helmholtz Center for Environmental Research (UFZ) (Leipzig, Germany) was used for the validation of our PEDXRF technique for plant samples by the simultaneous analysis of 10 elements of the same plant secondary standards (p-s-SRMs) by both ICPMS and PEDXRF. The technique for the analysis of plant samples by ICPMS as performed by the UFZ group including its calibration against standard materials, is described in [16] .
The p-s-SRMs were prepared as follows: sweet corn (Zea mays L.) plants were germinated from their seeds in sterile petridishes and sown in pots containing standard potting soil, After 8 weeks the plants were harvested, washed with DI water, their aerial parts dried at 60 °C for 48 h and later pulverised. To fixed masses of the dry plant powder, aliquots of standard solutions of the 10 elements were added and the mixture homogenized and subsequently dried and pulverized to particle sizes of ~ 100 μm. These were now the p-s-SRMs. The results of the cross-validation for the elements of this work for plant tissue matrices, are shown in Table 2 . The p-s-SRMs as constituted, did not contain 3 of the 5 elements of this work, viz. Cd, Hg and Th. However, Sn is close in atomic number (Z) to Cd, whilst Pb and U that were present in the p-s-SRM, serve as references for themselves as well as for Hg and Th to which they are close in Z. Table 2 shows that the agreement of the PEDXRF values to the ICP-MS values is excellent.
In this work all samples of all materials-SRMs, p-s-SRMs, PR, PS, P, RS, S, VS-were analysed as dry powders or pellets in replicates of n ≥ 3. Information regarding sample collection, pretreatment and other experimental details are provided in [1] . Raw plant samples were thoroughly washed in deionized (DI) water, then dried and pulverized. Plant powder of particle size of ~ 100 μm was selected for the subsequent steps of the analysis. In a previous work [15] we have shown that, depending on the matrix and the element analysed, sample masses as low as 0.5 g (the factory recommended mass is 4 g) may be analyzed without significant deterioration of the statistical figures of merit of the analysis. This permitted us to analyse the low plant dry bio-masses of each type of extremophilic moss collected (as powders only). Standard statistical data analysis was done on the raw data. 
Results and discussion
The results for the 5 elements in the 5 components of the geothermal microecology of Los Azufres are shown in the Tables 3 and 4 . The tables with their detailed captions are self-explanatory. Examining Table 3 , the first thing that stands out is the variability of elemental composition of the same structure (VS or S or RS) with location (N1 or C2). This is largely due to the substantial variation of geothermal activity and the physicochemical properties of the environments in the 2 locations. The VS(C2) is overall more enriched in these elements than VS(N1) and this transmits to the overall higher concentration of these elements in S(C2) and RS(C2) even though the processes regulating the accumulation of these elements in the three types of structures are markedly different.
Considering the VS alone we note that the VS has a substantially, higher concentration of these heavy elements except U, than the general values for the Earth´s crust. Note in particular the relatively high concentrations of Hg and Cd. This is expected given the provenance of the VS from the magmatic core in the Pleistocene era [7] and the impregnation with geothermal vapours. The VS is exposed to geochemical and atmospheric weathering and in these geothermal settings, acid rain is common, particularly given the high precipitation rate at Los Azufres. Acid rain would leach out U deposits on the VS by the formation of soluble uranyl carbonate complexes. This weathering action may account for the poorer U deposits in the VS.
On the other hand, the concentration in the sedimentary deposits of these heavy elements are governed by the aggressive aqueous chemical reactions of the hydrothermal water with the substrate leading to either precipitation or dissolution depending on the specific chemistry of the element and this would quantitatively differ according to the specific properties of the hydrothermal system such as its pH, ionicity, temperature and the composition of its substrate.
What occurs in the rhizosphere are biogeochemical processes propelled by root exudates in which both the plant and its rhizospheric microbial community take part. Through these processes, the heavy metal is partially dissolved and taken up by the plant or leached out by the ground water or fixed in the soil as a precipitate with a complex chemical composition. Other than location (i.e. geothermal substrate) remarked on before, the rhizospheric biogeochemistry would depend largely on the type of plant anchoring the soil. We note from Table 3 that for the same location (columns 5 and 6; 7 and 8), differences in the biogeochemical processes between the moss and the fern show up as different concentrations for the same element. If one averages over location (columns 9 and 10) one observes that ferns in general are able to fix the heavy metal in the RS to a higher degree than the mosses. In fact the degree of fixation of Hg and Pb by the ferns in RS(C2) is remarkable. This difference between mosses and ferns is no surprise as ferns being vascular plant have a well-defined and more voluminous root structure than mosses, that enables higher root exudation and a further reach into the soil. The mechanism of absorption of nutrients by mosses is largely by direct diffusion of the nutrient from the humid atmosphere into their gametophytes and rather little through their sparse, thin and short rhizoids. Given this relative disadvantage, it is indeed surprising that the mosses studied in this work compare favourably with their much larger vegetative neighbours, the ferns. In fact taken together, a comparison of the RS versus the S results of Table 3 show that the biogeochemical processes of the rhizosphere are in general equally if not more effective at immobilizing the 5 heavy metals studied in this work as the aggressive hydrothermal aqueous chemistry. It would have been interesting and instructive to separate the anatomical parts of the roots and leaves of the plants under study and analyse them separately for their elemental concentrations. Such a separation would have enabled an understanding of the extent of xylem transport of the heavy metal in the case of the ferns and how much the gametophytes absorbed as compared to absorption by the rhizoids in the case of the mosses. Whilst separation of the roots and the aerial parts for their subsequent analysis was possible for some ferns that had sufficiently high biomass, this was impossible for the mosses with their low biomass rhizoids and gametophytes. Upon drying their biomasses would have been far below the minimum mass requirement for PEDXRF analysis. The separate analysis of the aerial parts and the roots of some ferns yielded their STF values shown in Table 4 and are discussed in the following paragraph. Table 4 shows the maximum uptake of the 5 heavy metals by the ferns and mosses of the geothermal sites of N1, C1 and C2. Remarkably, both mosses and ferns absorb quantities of these metals that are orders of magnitude higher in relative terms, than the concentrations found in typical food-grains. The geothermal microecology with its peculiar physico-chemical characteristics (cf. Tables 1, 3) and a possibly unique microbiota, aid this absorption. The moss Campylopus flexuosus at the C2 site absorbs an extraordinarily large concentration of Pb, whilst the fern Pteridium aquilinum also absorbs a significantly high concentration Table 4 The label 'Pl. Conc.' is the maximum concentration of Cd, Hg, Pb, Th and U encountered in the plant genus (moss or fern) at either N1 or C2, expressed as mg of element/kg of dry plant matter. The dimensionless Bio-Concentration Factor (BCF) is the ratio of the plant concentration of the element to its RS concentration, where the latter is entered under the heading 'RS conc.'. The concentration of the RS specific to the plant was not available in all cases. For such cases, the average RS concentration for plants of that genus (moss or fern as the case may be) at the given location (N1 or C2) was used as an approximation and these values were obtained from the appropriate column 5-8 in Table 3 . For ferns, the root concentration of the element has been used to obtain the BCF. The dimensionless Shoot Translocation Factor (STF) is the ratio of the shoot concentration of the element to its concentration in the root and is applicable only to the vascular plant (ferns). The ordinary plant concentration, 'Ord. Pl. Conc.', is the average of the elemental concentration in cereals from various countries, taken from [17] of this metal at the same site. Such high uptakes lead to seven out of the ten plants illustrated in Table 4 , having BCFs larger than (or equal to) 1, which classify them all as metal accumulators. The BCF value of 4.5 ± 0.6 of C. flexuosus might qualify it as a Pb hyper-accumulator. It is rare to encounter such a dense distribution of heavy metal accumulators. Clearly these geothermal microecologies are unique niches that engender the occurrence of these plant types. None of the ferns with the possible exception of the U accumulator P. aquilinum, show an STF > 1. Since none of these metals have any physiological importance, it is reasonable to suppose that no specific xylem transporter proteins exist for them. Rather the strategy adopted by these ferns when confronted with large heavy metals in their environments is to fix them in their rhizosphere (Table 3 ) and in their roots ( Table 4 ). The mechanism of tolerance of the mosses to such high internal levels of these very toxic heavy metals, is unclear.
Combining the information in the Tables 3 and 4 , we see that the plant and RS concentrations together surpass the concentrations of these 5 heavy metals achieved by the aggressive inorganic chemistry of the hydrothermal waters or the atmospheric chemical action on the VS. This points to the importance of these primitive extremophilic plants to the biogeochemical recycling of heavy elements and therefore the necessity to take them adequately into account when attempting to describe the paleo environment and its geochemistry quantitatively.
Phytoremediation [13] has been suggested as a sustainable biotechnology for the removal of these 5 highly toxic heavy metals from contaminated sites. The biomasses of both the mosses and ferns studied in this work are too low to render them of any use for phytoremediation. However, their genetic profile may aid gene-based studies of plants with a high metal absorbing capacity. It should be categorically emphasized however, that these geothermal fumaroles are delicate and rare micro-ecological niches and must be protected from exploitation.
Conclusion
We have shown that Polarised Energy Dispersive X-ray Fluorescence (PEDXRF) spectrometry is a sufficiently sensitive, accurate and efficient tool for the elemental analysis of a large inventory of environmental samples. We have used PEDXRF spectrometry to determine the concentration profiles of 5 heavy metals-Cd, Hg, Pb, Th and U-in the volcanic superstratum (VS), the hydrothermal spring sediments (S), the plant tissue (P) and rhizospheric soil of 3 geothermal sites at the Los Azufres (Mexico) volcanic complex. The physico-chemical characterization of these sites point to their resemblance to the environments of the Ordovician and Devonian periods. The extremophilic plants together with their RS are the most effective in sequestering the heavy metal, more so than even chemical precipitation by the highly reactive hydrothermal waters. The BCF analysis of the plants indicated that they are metal accumulators and one possibly even a Pb hyper-accumulator. These observations imply that the role of primitive plants in biogeochemical cycling of the elements in the paleo environment was of great significance and that these plants may aid the genebased advancement of heavy metal phytoremediation.
